
Project Introduction

The purpose of this IRAD is to expand the capability of Goddard’s
interplanetary trajectory preliminary design tool, the Evolutionary Mission
Trajectory Generator (EMTG), to new classes of missions that use “hybrid”
propulsion with both low-thrust electric and high-thrust chemical propulsion
systems. Such missions may also include multi-stage spacecraft and require
the mission analyst to choose when to drop propulsion stages, and in some
cases may employ aerocapture to reduce the required propellant mass. In
parallel with these new modeling capabilities, we also propose to improve the
efficiency and robustness of EMTG’s multi-objective trade study optimizer.

This IRAD is specifically targeted to address the elements of EMTG that are
inadequate to the design of missions to the outer solar system. EMTG is
exceptionally capable of designing missions to planets and small bodies in the
inner solar system, up to about 3 AU from the sun. However, as the PI and co-
PIs have learned in the last year in which we have been working on New
Frontiers proposals, there are several modeling and optimization capabilities
that are critical to the design of outer-solar system missions that EMTG does
not effectively handle. The purpose of this IRAD is to take advantage of the
lessons that we have recently learned, and perform a much more efficient and
exhaustive trade of mission design options for the next opportunity, which is
expected to be a little over a year away.

This IRAD is divided into three independent tasks. Each provides a critical
outer-planets capability to EMTG but each also has separate staffing and
budget requirements.

Task #1 is to provide EMTG with the ability to model and optimize missions
that employ hybrid-propulsion and/or multi-stage spacecraft. A “hybrid-
propulsion” spacecraft is one that uses both low-thrust electric propulsion and
high-thrust chemical propulsion at different times during the mission. A “multi-
stage” spacecraft is one that drops empty tanks, expended thrusters, or other
hardware at some point during the mission.  Hybrid-propulsion spacecraft
going to the outer solar system are likely to also be multi-stage because a
large electric propulsion system is only likely to be useful during the part of
the mission where the spacecraft is still near the sun and solar power is
plentiful. It is possible to, at great cost, assemble a solution by hand but this
is time consuming and expensive. Furthermore, it is possible that high-
performing solutions were not identified. In Task #1, EMTG will not only be
upgraded to properly model hybrid-propulsion and multi-stage vehicles but its
optimization engine will be given the ability to choose (A) the number of
stages and propulsion systems, (B) when the spacecraft should switch from
one type of propulsion to another, and (C) when stages should be dropped.
This will allow us to automate a process that is either very slow or impossible
to do by hand. In turn, this could save a great deal of time and money in next
mission design cycle. Moreover, the enhancements will allow for the potential
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to identify non-intuitive, enabling designs that would not have otherwise been
uncovered because of the nature of the global, unbiased of the optimization
algorithm.

Task #2 is to improve the efficiency and capability of EMTG’s multi-objective
trade study optimizer. EMTG currently has the ability to optimally trade
mission characteristics such as flight time and target selection against systems
parameters such as mass, power, and launch vehicle. However this trade
study tool has a major limitation. In the current optimizer architecture, every
trade study objective has to be minimized or maximized. This works very well
for most trade study objectives – for example one always wants to deliver as
much mass as possible and to make flight time, power system size, and
propulsion system size as small as possible. However, other trade study
parameters, such as launch and arrival date, are frequently desired as an even
spread in order to fully and properly understand the trade space. We did not
accommodate this critical functionality in the first version of the trade study
tool and modifying it will require a significant effort. The ability to generate
these new types of trade curves (e.g., delivered payload mass versus launch
date with multiple objectives) will allow deeper insight into the solution space,
and enable proper evaluation of the fittest design for the mission at hand. 
Such trade curves have been needed multiple times for multiple missions.
Furthermore we will need to expand the space of systems design choices that
the trade study optimizer can make. Currently there is a wide range of options
but they are hard-coded. Part of Task #2 will be to make it possible for EMTG
to read the parameters of the various systems choices from a text file rather
than requiring that they be hard-coded.

In addition, the multi-objective trade study optimizer will need to become
faster and more efficient in order to handle the large trade study problems
that we are now required to solve. The first version of the trade study
optimizer is based on the Nondominated Sorting Genetic Algorithm II (NSGA-
II) that was the state-of-the-art multi-objective optimization algorithm
(MOGA) several years ago when we first began this work. However there are
now other MOGAs available that are shown in the literature to perform better
on many classes of problem. Part of Task #2 is to implement the newer
algorithms in EMTG to improve speed and robustness.

Task #3 is specifically targeted to improve EMTG’s ability to design missions to
gas giants and their moons. Many such missions either employ aerocapture to
reduce the propellant cost of capture at the target or require dropping a probe
into the atmosphere of a planet or moon. In both cases the spacecraft or
probe dives into the atmosphere of the body and uses drag to slow itself down
instead of expending propellant. Atmospheric probes are of great science
interest, and aerocapture is an enabling technology for missions to Uranus and
Neptune and to moons with thick atmospheres such as Titan. However both
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atmospheric probes and orbiters that employ aerocapture must carry a
thermal protection system (TPS) that can be quite massive. Any trajectory and
systems analysis of missions that employ aerocapture and/or an atmospheric
probe must include a means to estimate the mass of the thermal protection
system as a function of the incoming trajectory and spacecraft specifications.
There are currently no tools in the industry that can efficiently and
autonomously perform this type of coupled analysis. As a hybrid trajectory
and systems optimizer, EMTG is the ideal tool in which to add this capability.

The key work in Task #3 will be to develop simplified aerocapture and
atmospheric probe models that can be evaluated very quickly and robustly in
the context of an optimization run. The proposed approach is to create, using
existing tools, a series of high-fidelity point designs for a combination of
various parameters. The data can then be fitted to curves, relating entry
velocity, entry mass, and required TPS mass. Analytical expressions for the
first derivatives of these curve fits can then be obtained for use EMTG’s
gradient-based optimizer.

Anticipated Benefits

This technology can be used for trade studies in Phases A and B of any funded
mission.

The purpose of this proposal is to expand the scope of missions that EMTG can
be used to analyze and to increase the efficiency of work. Currently a hybrid
propulsion or staged mission requires two separate mission designs for each
possible mission case. This is labor intensive and expensive. Once this process
is properly automated, analysts will be able to design better mission proposals
in less time, enabling managers to make better decisions about which
proposals to fund and select.
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Primary U.S. Work Locations and Key Partners

Organizations Performing Work Role Type Location

Goddard Space Flight Center(GSFC) Lead Organization NASA Center Greenbelt, Maryland

Primary U.S. Work Locations

Maryland

Project Transitions

October 2016: Project Start
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September 2017: Closed out

Closeout Summary: The purpose of the Goddard Space Flight Center’s Internal Research and Development (IRAD) progra
m is to support new technology development and to address scientific challenges.  Each year, Principal Investigators (PIs) s
ubmit IRAD proposals and compete for funding for their development projects.  Goddard’s IRAD program supports eight Lin
es of Business: Astrophysics; Communications and Navigation; Cross-Cutting Technology and Capabilities; Earth Science; H
eliophysics; Planetary Science; Science Small Satellites Technology; and Suborbital Platforms and Range Services.Task pro
gress is evaluated twice a year at the Mid-term IRAD review and the end of the year. When the funding period has ended, t
he PIs compete again for IRAD funding or seek new sources of development and research funding or agree to external part
nerships and collaborations.  In some cases, when the development work has reached the appropriate Technology Readines
s Level (TRL) level, the product is integrated into an actual NASA mission or used to support other government agencies. T
he technology may also be licensed out to the industry.The completion of a project does not necessarily indicate that the de
velopment work has stopped.  The work could potentially continue in the future as a follow-on IRAD; or used in collaboratio
n or partnership with Academia, Industry and other Government Agencies.If you are interested in partnering with NASA, se
e the TechPort Partnerships documentation available on the TechPort Help tab. http://techport.nasa.gov/help
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Picture of a sample EMTG mission.
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